Single-walled carbon nanotubes ͑SWNTs͒ possess many interesting electronic properties, making them attractive for potential applications in electronic and optoelectronic devices. Their electronic properties display a strong dependence on their size and chirality 1 as well as a high sensitivity on defects, 2 impurities, 3 and structural deformations. 4, 5 They have been used as channels in model transistors 6, 7 and have been proposed for building electromechanical sensors. 8 Furthermore, the photon absorption spectra of SWNTs have been exploited to identify their types. [9] [10] [11] There have been considerable interest in using SWNTs to make photodetectors and photovoltaic devices. [12] [13] [14] [15] [16] [17] The optical properties of SWNTs are expected to be highly sensitive to defects and impurities, 13, 14 which will play an important role in their use of optoelectronic devices. So far, however, theoretical calculations, especially those based on first-principles method, [18] [19] [20] [21] have been limited to perfect SWNTs. However, the real SWNT samples are generally not perfect, but experience various electronic perturbations due to structural deformation, topological defect, impurity, intertube interaction in SWNT bundles and films, and electron-phonon interaction. These perturbations can induce intraband and indirect transitions, as well as plasmon excitations. In this letter we analyze the effect of impurity scattering on the optical absorption in SWNT. Our calculated photoresponses of SWNTs show a large absorption continuum, which increases with increasing strength of impurity scattering. We demonstrate that the continuous photon absorption has the impurity mediated plasmon excitations as its origin.
To calculate photon absorption of SWNTs, we employ a quantum transport equation in the presence of both electronelectron ͑e-e͒ and electron-impurity ͑e-i͒ scattering. We treat the various e-i scattering mechanisms in the most general manner by a random potential within the tight-binding ͑TB͒ formalism. Previous studies at finite frequencies are limited to the electronic polarizability, [22] [23] [24] [25] and existing theories on electron transport in SWNT are mostly limited to the case of zero frequency. Our approach takes into account the effects of plasmons and other electronic excitations on the optical absorption. The excitons can affect the absorption characteristics near and below the energy gap, but have a negligible effect on the absorption continuum at high frequencies. Therefore we shall neglect the exciton effect in this work.
The Hamiltonian of the system can be written as H = H 0 + H ee + H ei + H e␥ , where H 0 is the Hamiltonian of noninteracting electrons in a SWNT, H ee is the e-e interaction, H ei is the e-i interaction, given as ͚ i U͑r − R i ͒, where R i is the position of the ith impurity, and H e␥ is the coupling of electrons to the electrical field E͑t͒ = E exp͑−it͒. The single electron wave functions are given as −ik x a/2 ͱ 3 cos͑k y a /2͖͒, where a = 2.46 Å and ␥ 0 = 3.03 eV. The energy dispersion of an ͑m , n͒ SWNT ͑Ref. 1͒ is ⑀͑k x , k y ͒. The x component of p is quantized p x = J / r, with r = a ͱ ͑m 2 + nm + n 2 ͒ /6 for an ͑m , n͒ tube. We define F nn Ј ͑k , k + q͒ = ͗a k,n † ͑t͒a k+q,n Ј ͑t͒͘ as the density matrix between the state ͗n , k͉ and ͉nЈ , k + q͘. Here a kn † ͑a kn ͒ is the creation ͑annihilation͒ operator for an electron in the state ͉n , k͘. The equation of motion for the density matrix is given as
Here V͑q y , L͒ =4e 2 I L ͑q y r͒K L ͑q y r͒ is the Fourier transform of the e-e interaction, I L ͑K L ͒ is the modified Bessel function of the first ͑second͒ kind, and U͑q͒ is the Fourier component of U͑r − R i ͒. The electron density operator is written as n͑q͒ = ͚ k,nn Ј F nn Ј ͑k , k + q͒N nn Ј ͑k y , q y , L͒, where N nn Ј ͑k y , q y , L͒ is the matrix element between the two TB states,
The current density can be defined as j = ͗␦H / ␦A͘ = j 0 + j 1 . Here A = ͑E / i͒exp͑−it͒ is the vector potential and j 0 = ͑ine 2 / m͒E = 0 ͑͒E is purely imaginary ͑where n is the effective conduction electron concentration͒, j 1 contains all the information on the e-e and e-i interactions; it can be written as
is solved in two steps. 27 We first calculate the static deviation of F due to impurity scattering in the absence of the time-dependent field. The solution is then feed back to Eq. ͑1͒ to determine the linear response of F to the external field. We obtain j 1 ͑͒ = ͑ie / m͚͒n͑−q , ͒U͑q͒. For random impurity with r −1 potential, U͑q͒ = V͑q͚͒ i e −iq·R i , we obtain j͑͒ = ͑͒E, where is the conductivity,
The memory function M͑͒ is given as
Here n I ͑n e ͒ is the impurity ͑electron͒ concentration and ͑q , ͒ is the dielectric function of the SWNT in the random phase approximation. 22 By comparing Eq. ͑3͒ to the Drude type of conductivity, we identify the f-dependent photon absorption coefficient Re͓ / ͔ = 0 Im͓M͔ / 2 ; the quantity R͑͒ = Im͓M͔͑͒ is the usual transport scattering rate.
Both impurity scattering and photon absorption in SWNTs are strongly dependent on the size and chirality of the tube. If the tube is semiconducting, the main contribution at low to intermediate frequency is the single-particle interlevel excitations. If the tube is metallic, intraband plasmon excitation also contributes. In Fig. 1 , we plot the real part ͑ R ͒ and the imaginary part ͑ I ͒ of the dielectric function and the dynamic structure factor of three zigzag SWNTs. For semiconducting ͑10,0͒ and ͑20,0͒ tubes, electrons are excited from the valence to the conduction bands of the same J͑L =0͒. The I ͓Fig. 1͑b͔͒ is the absorption coefficient in the absence of impurity scattering. There exists a threshold excitation energy. For the metallic ͑15,0͒ tube, the intraband transition channel is also open and the threshold energy is much lower. Both R and I can change drastically with the frequency, reflecting resonant and nonresonant couplings of electrons with photons.
In Fig. 2 we plot the scattering rate of the same three zigzag SWNTs, as a function of photon energy, for n I / n e = 1%. There is a striking difference between the rate of the metallic ͑15,0͒ tube and semiconducting ͑10,0͒ and ͑20,0͒ tubes. For metallic tubes, the main contribution at low frequency is from the single-particle excitations. The scattering in the region of ប Ͻ 0.5␥ 0 ϳ 1.5 eV is very similar to that of a normal metal. The scattering due to the single-particle excitation is strongest at ϳ0.6 eV, the characteristic energy of intraband plasmon excitation. The rapid decrease of the scattering after the first peak is mainly due to the fact that the intraband impurity scattering is inversely proportional to the frequency. Further increase of frequency will open up more channels through interband excitations. When the frequency is close to the energy of the next interband transition, the scattering starts to increase again. For semiconducting tubes, the scattering due to the intraband excitation is absent at low frequencies. There is a threshold frequency, defined by the band gap, above which the scattering starts to increase. Figure 3 shows the rate in three metallic armchair SWNTs. The overall frequency dependence of the absorption is very similar to that in the metallic zigzag ͑15,0͒ tube, as shown in Fig. 2 .
Figures 2 and 3 demonstrate that the scattering exhibits strong size dependence. For the same type of SWNTs containing the same impurity density, a tube with a large diameter has less scattering, which is true for both semiconducting and metallic tubes. Our result is a clear demonstration of the size dependence of electron correlation and dynamic scattering in carbon nanotubes. The probability of forward scattering is smaller in small tubes than that in large tubes, because the smaller tubes behave closer to a one-dimensional system. For perfect SWNTs, the absorption spectra contain discrete peaks separated by small tails ͓Fig. 1͑b͔͒, as shown by previous theories with or without many-body effect. 10, [18] [19] [20] [21] The total absorption is the sum of the direct absorption and the impurity mediated absorption. The total photoresponse ͑PR͒ ␣͑͒ = ⑀ I ͑͒ = ⑀ I 0 ͑͒ +4 R ͑͒. Our results ͑Figs. 1-3͒ are based on microscopic models that do not contain any adjustable parameters. The total PR will be dependent on additional parameters such as the impurity concentration.
In Fig. 4 , we plot the PR of a ͑10,0͒ tube for two different impurity concentrations, n I = 5% and 10% relative to n e . The plasmon frequency of SWNT is taken to be 2.4␥ 0 . 26 The lifetime broadening is usually much smaller than the transport scattering rate. This is taken to be 0.05 eV for n I =5% and 0.1 eV for n I = 10%. The PR shows an absorption peak at the band gap and a large continuum beyond the gap. The peak of the direct absorption decreases while the intensity of the continuum increases with increasing potential strength. To experimentally test our result, we suggest to perform optical absorption measurements in tubes with random defects. The other way to test this is to measure PR for tubes at helium temperature and at room temperature. We would expect the room temperature absorption to show a strong above-gap continuum due to random potentials ͑electron-phonon interaction in this case͒.
In conclusion, we have formulated a quantum transport equation to account for the impurity-scattering-induced photon absorption in SWNTs. We demonstrate that even a very weak random impurity potential can add a significant continuum spectrum to the photon absorption. Our result indicates a universal nature of impurity mediated absorption. 
